The immune response of cod (Gadus morhua L.) is unusual in that specific antibody response is limited or absent. In the present study cod was immunised with haptenated and non-haptenated protein antigen at two di#erent temperatures and the antibody response monitored over a period of 18 months. Other humoral parameters of immunological importance were also analysed, namely total immunoglobulin concentration, anti-protease and spontaneous haemolytic activity. No specific antibody response was detected but increased activity of non-specific anti-TNP antibodies was observed 10-12 weeks after immunisation, irrespective of the antigen used. This antibody activity was attributed to the adjuvant used (FCA) and did not cross react with other antigens tested. Other parameters were probably not influenced by the immunisation but seasonal fluctuations were indicated. The immunoglobulin level appeared to peak in August-September and the anti-protease activity and the haemolytic
I. Introduction
For many centuries the Atlantic cod (Gadus morhua L.) has been one of the most important economic species to the fishing communities of the North Atlantic (Kurlanski, 1998) . In recent years experimental farming of cod has been successfully carried out in Canada, Iceland, Norway and Scotland (Björnsson et al., 2001 ) and cod farming may become an economically viable industry in the foreseeable future. Several studies have emphasised the importance of investigating the immune system of any 'new' species before it is used in commercial aquaculture (Press & Jørgensen, 1998) . In this context studies of the immune system of cod are highly relevant. *Corresponding author: Fax: (+) 354 567 3979. E-mail: bergmagn@hi.is It was recently suggested by the International Council for Exploration of the Sea (ICES, 1991) , that cod should be used as a model for predicting the e#ects of climatic change on the marine life of the North Sea. This is another factor that underlines the importance of studying the immune system of cod since immunological parameters are commonly used in studies of this nature (Wester et al., 1994) .
Studies of the immune system of cod have indicated some unusual features compared to other teleost species, a puzzling feature being, for example, its apparent inability to e#ect a specific antibody response. This is in spite of the fact that vaccination with an attenuated pathogen results in specific protection against that pathogen (Espelid et al., 1991; Schrøder et al., 1992) .
The aim of the present study was to examine (1) if the immunisation of cod with a protein antigen, in conjunction with a potent adjuvant, would result in a specific antibody response, (2) if temperature and time were influential factors and (3) if immunisation might a#ect other humoral parameters of cod of immunological importance.
II. Materials and Methods

THE FISH
Cod, which had been hatched at an experimental station and kept at 7 C for 12 months, were divided into two groups, 45 individuals in each group. The initial weight was about 250 g. The fish were kept in two circular fiberglass tanks, 3 m in diameter and 0·8 m deep, supplied with sea water (32 ppm) in a flow-through system. One tank was maintained at 4 C and the other at 9 C. Natural photoperiod (64 N) was provided and the fish were fed commercial food pellets. The fish were tagged at the base of the dorsal fin and kept at the relevant temperature for 2 weeks before the sampling started.
THE ANTIGENS AND IMMUNISATION PROTOCOL
The immunisation and sampling protocol is shown in Table 1 . In each group, 10 control fish were immunised intraperitoneally (i.p.) with 0·2 ml phosphate bu#ered saline (0·1 M PBS, pH 7·2, Sigma, U.S.A.), mixed 1:1 with Freund's complete adjuvant (FCA, Sigma), 10 individuals were immunised with Limulus polyphemus hemocyanin (LPH, Sigma) by injecting i.p. 0·5 mg LPH kg 1 body weight, in 0·2 ml, mixed 1:1 with FCA and 25 individuals were immunised with Trinitrophenyl (TNP) haptenated LPH (containing about 20 TNP residues per LPH molecule) by injecting i.p. 0·5 mg TNP-LPH kg 1 body weight, in 0·2 ml, mixed 1:1 with FCA.
SAMPLING
The first sampling took place in April 1996 and the experiment was terminated in early October 1997. During the first two blood samplings and at the first immunisation the fish was anaesthetised by immersion in benzocaine (approximately 10-20 mg l the fish were quite docile and recovered instantly if loosely covered with a damp towel. Hence, from the third sampling (in mid-July 1996) onwards this procedure replaced anaesthesia. From 0·5 to 4 ml of blood was collected from a caudal vessel, allowed to clot at room temperature for 1-2 h and then at 4 C overnight. Serum, collected after centrifugation at 750 g for 10 min, was divided into aliquots and stored at 20 C. Blood samples were collected 10 times from all the individuals, the time lapse between sampling being shown in Table 1 .
The fish was weighed and the length measured at the beginning and end of the experiment as well as twice during the experimental period (Table 1) .
SPECIFIC AND NON-SPECIFIC ANTIBODY RESPONSE Antibody activity was measured using double sandwich ELISA as previously described, with minor modifications (Magnadóttir & Guðmundsdóttir, 1992) . Briefly, 96 well microtrays (MaxiSorp, Nunc, Denmark) were coated with 100 l well 1 of antigen in coating bu#er [0·05 M carbonate bu#er, pH 9·6 (Sigma)] overnight at 4 C. This was followed by a storage at 20 C and subsequent thawing at room temperature when used.
The antigens used were: LPH, 10 g ml 1 ; TNP-haptenated bovine serum albumin (BSA, Sigma), 5 g ml The last two antigens were prepared using the modified overlay method (Guðmundsdóttir et al., 1990) . Optimum concentration for coating was pre-determined by checkerboard-type titration.
Blocking of residual sites was with 100 l well 1 of 0·1% skimmed milk powder in coating bu#er for 1 h at room temperature. Sera, in duplicates, diluted 10 2 in PBS containing 0·1% Tween 20 (PBS-T), 50 l well 1 , were incubated overnight at 4 C and this was followed by 50 l well 1 of mouse polyclonal anti-cod IgM antibodies (ascites) and 50 l well 1 of alkaline phosphatase conjugated rabbit anti-mouse antibodies (Dako, Denmark), both incubated for 1 h at 37 C. Extensive washing with PBS-T was carried out between each step. The enzyme substrate was p-nitrophenyl phosphate (Sigma) in 0·1 M ethanolamine bu#er, pH 9·6, containing 1 mM MgCl 2 , 100 l well 1 , incubated for 30 min at 22 C, and the reaction was stopped using 50 l well 1 of 5 N NaOH. Optical density (O.D.) was read at 405 nm and results were expressed as the O.D. values.
IMMUNOGLOBULIN (IgM) CONCENTRATION
The total immunoglobulin concentration of all the samples collected was measured using the capture ELISA described by and Israelsson et al. (1991) with minor modifications in incubation temperatures and times.
Briefly, microtrays were coated with 50 l well 1 of rabbit polyclonal anti-cod-IgM Ig's, 5 g ml 1 in coating bu#er (see above), overnight at 4 C ), 50 l well 1 in PBS-T, in duplicates, were incubated for 2 h at 37 C followed by 50 l well 1 of monoclonal anti-cod IgM antibody (clone 5G5) for 1 h at 37 C. This was followed by alkaline phosphatase conjugated rabbit antimouse antibodies (50 l well 1 ), incubated for 1 h at 37 C as described above. Extensive washing with PBS-T was carried out between each step and the enzyme substrate and colour development was as described above. Each tray also included eight dilutions of a standard cod IgM solution (about 0·012-6 g ml 1 ), 50 l well 1 in PBS-T, for plotting of a standard graph and the serum IgM concentration was calculated from this.
PROTEIN CONCENTRATION
A protein assay kit, based on the Bradford method (Bradford, 1976) , from Pierce (U.S.A.) was used. BSA was used as the standard protein. All the samples collected were analysed in duplicates.
ANTI-PROTEASE ACTIVITY
A modification of the method described by Ellis (1990) was used (Magnadóttir et al., 1999a) . Briefly, 20 l of serum were incubated with the same volume of standard trypsin solution (Sigma T-7409, 1000-2000 BAEE) for 10 min at 22 C. To this, 200 l of 0·1 M phosphate bu#er, pH 7·0 and 250 l 2% azocasein (Sigma A-2765) were added and incubated for 1 h at 22 C. Then 500 l of 10% trichloro acetic acid (TCA) was added and incubated for 30 min at 22 C. The mixture was centrifuged at 6000 g for 5 min. One hundred microlitres of the supernatant was transferred to a 96 well non-absorbent microtray (Nunc) containing 100 l well 1 of 1 N NaOH. The O.D. was read at 430 nm. The blank was phosphate bu#er in place of serum and trypsin and the reference sample was phosphate bu#er in place of serum. The percentage inhibition of trypsin activity compared to the reference sample was then calculated for each serum sample. All the samples collected were analysed in duplicate.
SPONTANEOUS HAEMOLYTIC ACTIVITY (SH 50% )
This method was based on a method described by Sakai (1992) with some modifications which were adapted to optimise the haemolytic activity of cod serum (Magnadóttir, 2000b) . The test was carried out in 96 well 'round bottom' microtrays (Nunc), the bu#er was prepared from complement fixation test tablets from Oxoid (U.K.) containing 0·1% gelatine and 1 mM ethylendinitrilo tetraacetic acid (EDTA, CFT-G/ED).
Red blood cells from sheep (sRBC), stored in Alsever's solution, were washed a few times in 0·85% saline and a 1% suspension prepared in CFT-G/ED bu#er. The concentration was checked by adding 100 l to 3·4 ml of H 2 O and optical density read at 414 nm. A 1% suspension should give IMMUNE PARAMETERS OF IMMUNISED COD a reading of 0·740 and the RBC suspension was adjusted to obtain this reading. The suspension was then diluted 1:1 in CFT-G/ED bu#er (i.e. a 0·5% suspension was used in the test).
Serum, in duplicates, was diluted in double serial dilutions in CFT-G/ED bu#er and 100 l added to each well. To each serum dilution 50 l of 0·5% sRBC was added. For a negative control (0% lysis) bu#er replaced serum and for a positive control (100% lysis) H 2 O replaced serum. The tray was incubated for 1 h at 37 C with occasional shaking. At the end of the incubation period the tray was centrifuged at 700 g for 10 min at 4 C and 125 l of the supernatant then transferred to a non-absorbent flat bottom microtray (Nunc). Optical density was read at 405 nm and the percentage lysis calculated. A graph of percentage lysis v. serum dilution was drawn and the SH 50% , the dilution which gave 50% lysis, calculated. This analysis was restricted to samples from the same 12 individuals from every sampling date.
STATISTICAL ANALYSIS
For the statistical analysis of the results the paired and unpaired Student's t-test and the one-way analysis of variance (ANOVA) were used. P<0·05 was set as the critical value of significance.
The results were analysed both horizontally, i.e. paired (and unpaired) groups from the 10 sampling times, and vertically i.e. unpaired groups within individual sampling times.
The computer programme StatView TM for Macintosh, Abacus Concepts, Inc. was employed.
III. Results
THE GENERAL STATUS
Some loss of fish occurred during the 18 month experimental period (see Table 1 ). Twelve fish were killed in connection with another study (Stenvik et al., 2000) in week 17 (see Table 1 ). Other losses, eight fish at 4 C and 10 fish at 9 C, were attributed to stress or accidents, no bacterial infections were detected in the casualties. These losses made statistical analysis unreliable especially towards the end of the experiment when in some instances as few as two individuals represented some sub-groups (Fig. 1b) . When killed at the end of the experiment some fusion of the inner organs was observed in many of the fish.
There was no di#erence in growth rate between fish immunised with PBS, LPH and TNP-LPH. The growth rate of fish kept at 4 C was, however, significantly lower than that of fish kept at 9 C. The mean initial and final lengths and weights of the fish were 27 and 39 cm and 252 and 805 g at 4 C compared to 28 and 44 cm and 260 and 1090 g at 9 C.
SPECIFIC ANTIBODY RESPONSE
Cod, immunised with LPH, TNP-LPH or PBS (in FCA), showed very similar antibody activity (Fig. 1) . The anti-LPH response of pre-immunised sera was 80 low (c0·1) and remained low (c0·2) throughout the experiment. The anti-TNP-BSA activity of pre-immunised sera was relatively high (0·4-0·5) and an increase in anti-TNP-BSA activity was observed about 10 weeks after the first immunisation (in April, 1996) and about 12 weeks following the second immunisation (in October, 1996) . This peak response was more marked in fish kept at 9 C than in fish kept at 4 C.
NON-SPECIFIC ANTIBODY RESPONSE
The antibody activity against BSA, Thyr, ECP-Asa and ECP-Pf was negligible (<0.1) but a slightly higher response was observed against ssDNA (not shown). The mean anti-ssDNA antibody activity varied from 0·1 to 0·4 without The serum IgM concentration was similar whether the fish was immunised with PBS, LPH or TNP-LPH as shown in Fig. 2 . The IgM concentration in all sub-groups showed peak levels in September 1996, about 20 weeks after the initial immunisation and in late August 1997, 40 weeks after the second immunisation and just before the final immunisation. These IgM peaks were higher in fish kept at 9 C than at 4 C.
In fish reared at 4 C, the mean IgM concentration of pre-immunised sera was 3·8 mg ml 1 , 4·2 mg ml 1 in week 56, just preceding the autumn elevation, and the concentration in week 76 was 8·4 mg ml 1 . The corresponding values of fish kept at 9 C were 3·6, 5·3 and 11·8 mg ml 
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SERUM PROTEIN CONCENTRATION
The serum protein level fluctuated from 25 to 45 mg ml 1 but was apparently not a#ected by immunisation, temperature or seasonal factors (Fig. 3 ). An overall decrease in the serum protein level was observed until the 56th week. In the following months (May 1997-August 1997) the serum protein concentration returned to the original level. No di#erence was observed between cod immunised with PBS, LPH or TNP-LPH.
ANTI-PROTEASE ACTIVITY
No di#erence was observed between fish immunised with PBS, LPH or TNP-LPH and no response to immunisation was seen. The di#erence between fish kept at 4 and 9 C was generally insignificant (Fig. 4) . The level of anti-protease activity was relatively constant over the experimental period and individual variations were limited. The anti-protease activity was slightly lower in spring (about 40% in April-May) than in winter (about 60% in October-December). This applied especially to fish kept at 9 C.
SPONTANEOUS HAEMOLYTIC ACTIVITY (SH 50% )
Preliminary examination showed that there was no di#erence in haemolytic activity of serum from cod immunised with PBS, LPH or TNP-LPH. This analysis was therefore restricted to the same 12 individuals from each sampling date, three from PBS-immunised fish, three from LPH-immunised fish and 12 from TNP-LPH immunised fish. The results are shown in Fig. 5 . The di#erence between fish kept at 4 and 9 C was generally found to be statistically insignificant (exception being the sera sampled in December 1996, in week 34, showing significantly higher haemolytic activity in fish kept at 4 C than in fish kept at 9 C). The first immunisation (in April 1996) did not a#ect the haemolytic activity but a major peak in the haemolytic activity was observed 6 (at 4 C) or 10 (at 9 C) weeks after the second immunisation in October 1996. There were also indications that the haemolytic activity was a#ected by seasonal factors, showing high levels in mid-winter but relatively low levels in the spring. Individual variations were considerable.
IV. Discussion
Most teleost species so far tested are able to produce a specific antibody response to either immunisation or infection. This fact is, for example, utilised in the successful vaccination of several species in aquaculture (Ellis, 1988; Gudding et al., 1999) . Teleosts are also believed to show typical T-cell dependent and T-cell independent antibody responses and to distinguish between haptenated and non-haptenated proteins. A T-cell independent antibody response, for example against polymeric structures like LPS, is low 84 compared to the antibody response to T-cell dependent antigens like proteins (Miller & Clem, 1984; Miller et al., 1985; Hoel et al., 1998) . Vaccination of cod using formalin-killed Vibrio anguillarum or V. salmonicida produced good specific protection against these pathogens (Espelid et al., 1991; Schrøder et al., 1992) . However, the specific humoral antibody response of cod immunised with these bacteria either by immersion or by i.p. injection was relatively poor and primarily directed against the bacterial lipopolysaccharide (LPS), a T-cell independent antigen (Espelid et al., 1991) . A study by also indicated that cod did not produce antibodies against a protein antigen (oxazolone ovine albumin).
The present study readdressed this problem by using a haptenated and non-haptenated T-dependent protein antigen, by immunising at two di#erent temperatures and by using younger cod than was used in the previous studies. At the same time the e#ects of immunisation on other humoral factors of immunological importance were examined.
The results confirmed that cod does not produce a significant specific antibody response to immunisation. The anti-LPH activity was insignificant and the relatively high anti-TNP antibody activity did not qualify as a specific response since it was independent of the antigen used for the immunisation. The peak anti-TNP response, which occurred about 10-12 weeks following the immunisation, probably reflects a non-specific stimulation by the adjuvant. The slightly stronger response seen in fish kept at 9 C than at 4 C, and a delayed response in winter, indicates that the environmental temperature and possibly also seasonal factors may be influential. The anti-TNP activity was the only parameter analysed in the present study that correlated clearly with the immunisation events.
A high level of natural or non-specific antibodies is commonly reported in fish, showing binding activity for TNP/DNP-haptenated molecules, DNA and/or thyroglobulin (Vilain et al., 1984; Gonzalez et al., 1988 Gonzalez et al., , 1989 Marchalonis et al., 1993; Magnadóttir et al., 1999a Magnadóttir et al., , 1999b . The role of these natural antibodies in fish is not fully understood. It has been suggested that the three dimensional structure of TNP may be analogous with an epitope common to many pathogens (Gonzalez et al., 1989; Marchalonis et al., 1993) . This does not apply to cod since both the present study and our previous studies demonstrated that the anti-TNP antibody of cod does not correlate with, for example, activity against various environmental and pathogenic bacterial antigens, and showed only limited activity against other autoantigens like DNA and thyroglobulin (Magnadóttir et al., 1999a, b and unpublished data) . Another view is that natural antibodies could be involved in mediating complement activation to eliminate bacterial LPS (in mice) (Reid et al., 1997) . Indirect evidence seems to suggest that this is not the case in cod. The anti-TNP antibody activity of cod does not correlate with anti-LPS activity (from Asa and E. coli, unpublished data) and LPS has a limited e#ect on the complement activity of cod serum in vitro (Magnadóttir, 2000b) . Finally, it has been suggested that natural antibodies may recognise cellular self structures and hence be involved in natural viral defense (Gonzalez et al., 1989) . This phenomenon has not been examined in cod.
IMMUNE PARAMETERS OF IMMUNISED COD
The IgM peaks observed in the immunised cod did not correlate with the immunisation event but occurred in late summer (August-September) and may therefore reflect seasonal variations. These IgM peaks were higher in fish kept at 9 C than in fish kept at 4 C indicating that the environmental temperature influenced this event. In our previous study on captive and wild cod, temperature was believed to have a limited influence on the serum IgM levels of cod (Magnadóttir et al., 1999a, b) . An overall increase in IgM levels with increasing size was observed and if the seasonal peaks are excluded, then the values and rate of increase were similar to that previously observed in wild cod (Magnadóttir et al., 1999b) . Unlike the previous studies, the correlation between anti-TNP-BSA response and the IgM level was poor, probably influenced by the non-corresponding peak occurrence of these two parameters.
Anti-protease and haemolytic activity are important innate defense parameters of fish, including cod (Bowden et al., 1997; Sakai, 1992; Magnadóttir et al., 1999a, b) . Di#erent serum components can contribute to the antiprotease activity of fish serum including 2 -macroglobulin, which according to Ellis (1990) , is only stable for about 3 weeks at 20 C. For practical reasons the analyses of anti-protease activity was carried out about 10-12 months after sampling. Previous examination of the e#ects of storage on the anti-protease activity of cod serum showed, that after this length of storage, a relatively constant level of activity was reached although about 30% lower than the activity of samples tested within 3-6 months of storage (Magnadóttir, 2000a) . The anti-protease activity showed a slight indication of seasonal variation, higher activity being observed in autumn and early winter than in the spring or summer. The levels observed were similar to those seen in cod kept at 7 C (Magnadóttir et al., 1999a) , suggesting that an environmental temperature in the range of 4 C-9 C has limited e#ects on the anti-trypsin activity of cod serum.
Spontaneous haemolytic activity is generally attributed to complement activity by the alternative pathway (Sakai, 1983 (Sakai, , 1992 Sunyer et al., 1997; Nakao & Yano, 1998) . This activity of cod serum is unusual in that the optimum activity is at 37 C, it is relatively heat resistant and is enhanced by EDTA which normally inhibits complement activity by both the classical and the alternative pathway (Sakai, 1992; Magnadóttir, 2000b) . Individual variations of this parameter were considerable both within and between samplings. This suggests that the haemolytic parameter of cod, like the complement factors of other fish species, is genetically variable (Wiegertjes et al., 1993) and/or sensitive to undefined external or inherent factors. Although an apparent response was observed 6-10 weeks after the second immunisation it seems more likely, looking at the whole span of the experiment that this was a seasonal fluctuation indicating high levels in mid winter and low levels in spring and summer. This was more marked in cod reared at 4 C than 9 C. Previous studies also demonstrated that individual variations of this parameter were considerable and seasonal e#ects were also indicated (Magnadóttir et al., 1999a, b) .
The growth rate of cod observed in the present study is about half of the growth rate recorded for normal cod at these temperatures (Björnsson et al., 2001) . The fusion of the inner organs, which was observed, could have resulted 86 in a poorer uptake of nutrients and contributed to the lower growth rate. However, di#erent feeding material (commercial food pellets in place of shrimps and herring), may also be an important factor in this comparison. It is also not known what e#ects the regular removal of a quantity of blood could have on the growth rate, the serum protein level and on other parameters. The serum protein level remained fairly constant over the experimental period as would be expected in captive cod maintained on a constant and adequate diet. However, the gradual decrease which was observed until the 56th week could reflect the harmful e#ects of the fusion of the inner organs, the regular sampling and stress associated with this, and the following recovery could be attributed to the long rest period from May till August 1997.
In conclusion the present study confirms the inability of cod to produce specific antibodies in any significant amount but shows that stimulation with an adjuvant results in an increased activity of non-specific anti-TNP antibodies. This stimulation has no e#ect on the serum immunoglobulin level of cod or on non-specific immune parameters like anti-protease and spontaneous haemolytic activity. Seasonal fluctuations in these parameters were indicated whereas environmental temperature was of relatively minor importance. The apparent seasonal variation of these three parameters will have to be readdressed by examining non-immunised, normal cod.
The question still remains of why cod does not produce a specific antibody response. In the present study the anaesthesia used in the early stages, was clearly stressful for the cod. Hence, a stress-induced inhibition of specific antibody response must be considered a possible explanation. However, subsequent handling during sampling and immunisation was apparently not stressful for the cod and no opportunistic infections were detected as one would expect if the cod were severely a#ected by the handling. Also, the gentler method of immersion vaccination did not produce marked specific antibody response in cod but did secure specific disease protection (Espelid et al., 1991; Shrøder et al., 1992) . Extensive studies of the genetic mechanism, which creates antibody diversity, have so far not revealed an inferior mechanism in cod compared to other fish species (Pilström & Bengtén, 1996; Pilström et al., 1998; Widholm et al., 1999; Stenvik et al., 2000) . The reason probably relates to other features, like suppressed or poorly developed immune regulatory mechanisms, perhaps lacking important cytokines or cell receptors.
